Hetero-structured functional materials with tailored composition that can provide excellent electromagnetic wave (EMW) absorption with minimal thickness are highly desirable, especially if they can be easily fabricated. Herein, novel hetero-structured CoNi-CuO composite microspheres were fabricated via a facile solvothermal process. The composites with adjusted mass ratios of CuO to CoNi alloy (5/1, 2.5/1 and 1.25/1) were facilely achieved by modulating the quantity of CuCl 2 $2H 2 O during the synthesis. It was demonstrated that the enhanced microwave absorption properties could be ascribed to the dielectric CuO, which can favorably increase the interface of the hetero-structure and the impedance matching with CoNi alloyed particles. It was shown that, when the molar ratio was 2.5 : 1, the typical CoNi-CuO composite microspheres presented a promising microwave absorption performance, namely a maximum reflection loss (RL) of À25.1 dB at 13.2 GHz with a thickness of only 2.5 mm, while the effective microwave absorption bandwidth (RL < À10) could reach 3.4 GHz (from 10.0 to 13.4 GHz). As is demonstrated, this kind of newly fabricated CoNi-CuO composite can be regarded as a promising candidate for high-performance microwave absorption materials.
Introduction
Considering the fact that modern electronic devices are getting smarter and smaller, and growing in number every day, the electromagnetic waves (EMW) resulting from the explosive usage of electromagnetic wave devices will have a detrimental impact on civil and military elds. [1] [2] [3] [4] [5] [6] More signicantly, the increase of electromagnetic pollution can also affect the surrounding environment, as well as human health. In this regard, the exploration of high-performance microwave absorption/shielding materials is of practical signicance. 7 As has been reported, an efficient EMW absorbing material should simultaneously possess strong absorption intensity and broad-frequency bandwidth, and the primary function of EMW absorption is to attenuate radiation with a dielectric material that interacts directly with the electromagnetic eld. 1, 8 Therefore, on one hand, to address this issue, the absorbing materials should be designed with favorable dielectricity. On the other hand, the secondary mechanism of EMW absorbing requires absorption of EMW due to the material's magnetic and/or electric dipoles interacting with the radiation, it thus suggests that absorbing materials need to be magnetical and/or conductive. As a result, the complex permittivity (3 r ¼ 3 0 À j3 00 ) and permeability (m r ¼ m 0 À jm 00 ) would be crucial factors that inuence the performance of the absorbing materials. According to the classical electromagnetic theory, "perfect" impedance matching could be gained if two parameters were equal. 9 However, the matter of getting an impedance matching condition for unilateral dielectric loss or magnetic loss materials may not be realized. 10 In combination of dielectric materials with magnetic materials together, it has been regarded as an effective method to synthesize excellent EMW absorption llers, due to the synergistic effect on dissipation of the EMW energy. 14 Apparently, designing hetero-structured composites of dielectric-magnetic substances are benecial for excellent microwave absorption capabilities. Among many microwave absorbers, the metallic so magnetic materials of cobalt and nickel have attracted great attention, due to their good conductivity, high saturation magnetization, high permeability at GHz frequency ranges, as well as low manufacturing cost. [15] [16] [17] [18] [19] However, the permeability might have a rapid decrease in high frequency due to eddy current losses induced by the electromagnetic wave. 20 There are two solutions to solve the problem. Firstly, using isolated metallic particles with a size less than the skin depth, such as CoNi alloy, is an effective way to solve the matter. 21 For example, superne magnetic alloy nanoparticles (CoNi) anchored in a spherical carbon monolith have been synthesized by solvothermal method and the minimum reection loss is À50.2 dB at 7.7 GHz with a thickness of 2 mm. 22 Secondly, another method is to cover the superne magnetic CoNi alloy nanoparticles with a dielectric material coating to create a core-shell microstructure.
As an important p-type semiconductor, CuO, with narrow band gap (E g ¼ 1.2 eV), has attracted great attention due to its unique properties and widespread potential applications in optical switches, anode materials, eld emitters, catalyst, gas sensors, photoelectrode and high-temperature microconductors. [23] [24] [25] [26] More recently, CuO has been researched as an efficient ller for the synthesis of microwave absorption materials.
27,28 Liu et al. reported that the Ni nanocapsules covered with CuO-Cu 2 O-coating have been synthesized by the arc discharge method and the maximum reection loss was À47.8 dB at 14.4 GHz. 29 Besides, another novel hierarchical heterostructure, based on a Ni microsphere-CuO nano-rice core-shell composite, has also been synthesized by solvothermal method, and the optimal reection loss was À62.2 dB at 13.8 GHz with the thickness of 1.7 mm. 30 Evidently, taking into account of these reported results, it can be referred that CuO based composites be potential candidates with excellent microwave absorption capabilities.
Herein, in continuation of our research interest on designing efficient microwave absorption materials, 7,22 a novel type of microwave absorbing composites that crystal CuO nanoakes coated on CoNi alloy microspheres, forming core-shell CoNiCuO hetero-structures, prepared by a facile solvothermal method is presented. The microwave absorption performance of CoNi alloy covered by varied amount of CuO was investigated in details. On the basis of structural characterization and microwave absorption testing, the relationship of composition tailoring and absorption performance was established; that is, a typical composite of CoNi/CuO-2 was demonstrated to be an optimized absorber with excellent performance among synthesized samples. 
Experimental section

Preparation of mono-disperse CoNi microspheres
The CoNi alloy microspheres were synthesized by a solvothermal method. In a typical protocol, C 4 H 6 CoO 4 $4H 2 O (0.05 g), NiC 4 H 6 O 4 $4H 2 O (0.20 g) and NaOH (0.125 g) were dissolved in ethylene glycol (40 mL). Then, resulting solution turned into a bluish green muddy suspension that indicated the formation of solid hydroxide (M(OH) n ). Aer that, this suspension was further stirred for 10 min to acquire the homogeneity. Finally, the substance was transferred into a Teon-lined stainless-steel autoclave which the temperature maintained at 200 C for 12 h. Aer the products cooled to room temperature, the black precipitates were obtained. The black precipitates were washed with water and ethanol until to neutral and dried at 60 C for 8 h in a vacuum.
Preparation of CuO nanoakes-coated CoNi
Firstly, the as-prepared CoNi alloy microspheres (0.05 g) was exerted by ultrasonic to make it well disperse in distilled water (60 mL), then CuCl 2 $2H 2 O (0.18 g) was added into the suspension. Then, added the ammonia (2 mL) into the solution. Aer that, as-obtained solution was transferred into a Teon-lined autoclave which temperature maintained at 150 C for 15 h and then allowed to cool to room temperature. Aer being washed with water and ethanol and dried at 60 C for 8 h in a vacuum, the product obtained was referred to as CoNi/CuO-1. While the mass of CuCl 2 $2H 2 O are 0.36 g and 0.54 g, both products obtained can be named as CoNi/CuO-2 and CoNi/CuO-3, respectively. The manufacturing process of CoNi-CuO was illustrated in Scheme 1.
Characterization
The information of structure and morphology was obtained by scanning electron microscope (SEM, JEM JEOL 2100) with an energy dispersive spectroscopy (EDS) images, detailed microstructure information was revealed by high resolution transmission electron microcopy (HRTEM, Hitachi H9000NAR), respectively. The crystallographic phases of the as-synthesized composites were determined by the powder X-ray diffraction method, the XRD patterns were obtained with a Rigaku model D/max-2500 diffractometer using Cu K a radiation (l ¼ 1.5406 A) at 40 kV and 40 mA, scan rate (2q) of 8 min À1 ranging from 10 to 70 . The composites were investigated by X-ray photoelectron spectroscopy (XPS) measurements, which were performed using the PHI 5000 Versa Probe systems. The magnetic hysteresis loop of the composites were measured by (VSM) at room temperature.
Electromagnetic measurements
The electromagnetic wave absorption properties of CoNi-CuO composites were calculated by using a vector network analyzer (Agilent N5222A) in the range of 2-18 GHz. Coaxial specimens for electromagnetic parameters were fabricated by mixing paraffin with 50 wt% and pressing them into a cylindricalshaped (j out of 7.0 mm, j in of 3.04 mm). The reection loss (RL) was calculated according to the following equations:
where Z in, Z 0, d, f and c stands for the input impedance of the absorber, the impedance of free space, the thickness of absorber, the frequency and the velocity of light, respectively. While m r (m r ¼ m 0 À jm 00 ) and 3 r (3 r ¼ 3 0 À j3 00 ) are the relative permeability and permittivity, respectively.
Results and discussion
Characterization of CoNi-CuO hetero-structures
The scanning electron microscopy (SEM) images of CoNi alloy and core-shell-like CoNi-CuO composites with various magnications are shown in Fig. 1a and b. As can be seen from Fig. 1(a 1 ) , the pure CoNi alloy monodisperse microspheres have relatively smooth surface with diameter about 1 mm. The elemental mapping of CoNi alloy is shown in Fig. 1c , it cab be observed that the CoNi alloy consist of only element Co and element Ni, it means that no detectable impurity in the pure CoNi alloy system. Meanwhile, the sample is an alloy phase rather than a random mixture of Co and Ni nanoparticles, which was conrmed by extremely homogeneous element distribution in the CoNi sample. Compared with the pristine CoNi alloy microspheres, the products of CuO coated CoNi hetero-structures are shown in Fig. 1(b 1 ). It is clearly observable that the surface of compositions was extremely rough due to existing of CuO nanoakes, and the hetero-structures with the average diameters of 1.2 mm. A detailed description of composites was given by the high-magnied SEM image in Fig. 1(b 2 ). It can be seen that the shells are formed to petals-like structure by the assembly of numerous ake CuO nanostructures. The rough surface might be benecial for microwave absorption due to the structural defects. The defect site generates an additional energy state due to the uneven and terraced elds near the Fermi level, 17 possibly which can reduce the electron transition energy. The elemental mapping of CoNiCuO hetero-structures is shown in Fig. 1d . Obviously, the coreshell-like character of CoNi-CuO is conrmed by distribution of element, namely, Co element and Ni element were scattered in the core region, while the Cu element and O element implied larger areas compared with Co and Ni.
In order to obtain more information on the microstructure of the CoNi-CuO hetero-structures, TEM and HR-TEM images of CoNi-CuO particles were acquired and shown in Fig. 2 . The images in Fig. 2a clearly showed the core-shell-like CoNi-CuO structures. The globe-shaped composites existed with diameters of nearly 1.2 mm and the particle size was uniform without distinct aggregation. Furthermore, as depicted in Fig. 2b , the black core area represents CoNi alloy while semitransparent substance means CuO nanoakes, thus conrmed the coreshell-like structure of the as prepared composite. Besides, the inset HRTEM image (c) of the CuO nanoakes indicated that CuO substance was polycrystalline because of the lattice spacing was 0.23 nm, corresponding to the (111) lattice spacing of CuO. Single-sheet CuO ake was shown in another inset image (d). According to SEM and TEM results, it can be shown that CuO nanoakes were distributed on the surface of CoNi alloy particle, and the core-shell-like composites of CoNi-CuO have been successfully obtained via this facile solvothermal process.
Distinct morphologies of as-prepared products obtained in various molar ratios of the CuCl 2 $2H 2 O to CoNi alloy microspheres in the precursor solution were shown in Fig. 3 . Compared with the pure CoNi particles, the surface of the CoNiCuO got coarser, which is owing to the successful coating of the CuO nanoakes. Furthermore, the shape and coverage density of CuO materials could be controlled by changing the amount of precursor (Cu 2+ ). As can be seen from parts of Fig. 3 (a 1 and a 2 ), numerous CuO nanoakes were assembled on the surface of the CoNi alloy particles at the mass ratio of the CuCl 2 $2H 2 O to CoNi alloy composites in the precursor solution is 1.25 : 1 (CoNi/CuO-1). In addition, both the size and thickness of the CuO shells were small and thin, because of low concentration of precursor (Cu   2+   ) . In this way, the interface space disappeared signicantly, resulted from the high density accumulation of CuO sheets, which was harmful to microwave absorption. When the mass ratio was increased to 2.5 : 1 (CONi/CuO-2), as shown by Fig. 3(b 1 and b 2 ) , it can be clearly found that larger and thicker CuO crystal tablets were coated on CoNi microspheres, leading to the formation of prominent interfaces combined with CoNi alloy particles. These interfaces were benecial for microwave absorption because amounts of reactions occurred on them, such as microwave scattering, reecting and interfacial polarization. In a certain range, this heterogeneous interface would be better with increasing CuO content, while the loss of electromagnetic waves would have been strengthened. However, when rising the mass ratio to 5 : 1 (CoNi/CuO-3), coacervated CuO nanoakes aggregated on CoNi alloy microspheres (see Fig. 3(c 1 and c 2 ) ). Under this condition, the surface of core-shell-like hetero-structures became seriously densely structures, which might be unfavorable for the formation of the electromagnetic wave track, resulting in hampering the diffusion of electromagnetic waves on the heterogeneous interface and inside the electromagnetic materials.
4,16
Subsequently, XRD patterns of the three samples with different amount of CuO nanoakes-coated CoNi alloy microspheres are shown in Fig. 4 . The powder was ball milled in room temperature so as to eliminate the possibility of oxide formation, if any. The phase purity analysis, material identication and XRD peak indexing was prepared, corresponding to Joint Committee on Powder Diffraction Standards (JCPDS) data les. Clearly, three samples have high crystallinity, which were revealed by SEM and TEM images. This is also supported by the appearance of XRD patterns that intense and sharp peaks are distinctly observable. All peaks could be well matched with simulated patterns, the peaks centered at 35. planes of cubic CoNi alloy. Evidently, the CoNi alloy has a well crystallinity, which is supported by the peaks with identical locations and intensities, indicating that a type of core-shelllike structures with preformed CoNi alloy as cores had been successfully achieved. By contrast, however, the (À111) and (111) peaks were sharper and more intense than other peaks in CuO spectrum; it possibly indicates that CuO nano-particles growed preferentially along those directions. It should also be mentioned that the peaks of CuO were getting highly intense with increasing CuO content, meaning that higher usage of its starting precursor has led to the appearance of larger particle size. Totally speaking, these results are in line with the observation from SEM imagines (in Fig. 3 ), whereas the monoclinic CuO species in CONi/CuO-3 presented aggregation in a small degree.
To gain more insight, the survey spectrum of as-prepared CoNi-CuO composites was further investigated by XPS, wherein the attributions of all the peaks had been marked and shown in Fig. 5a . It was clearly found that all the peaks can be ascribed to the elements of Cu, Ni, Co, Co auger, Ni auger, Cu auger and O, indicating that it was entirely in line with the composites in experiment. As shown in Fig. 5b-d (Fig. 5b) , the phase formation could be surely conrmed to be CuO, instead of Cu 2 O phase in the hetero-structures, which is provided by strong satellite shake-up peaks around 963.7 eV and an overlapping series around 943.3 eV. For Co 2p XPS spectrum (Fig. 5c) (Fig. 5d ).
Magnetic properties
Apparently, the above characterization results revealed that the CoNi-CuO core-shell-like hetero-structures had been successfully prepared via a facile hydrothermal method. The magnetic properties of CoNi alloy and CoNi/CuO-2 was measured by the vibrating sample magnetometer (VSM) at room temperature. As shown in Fig. 6 CoNi/CuO-2 composite. By contrast, the main reason for low saturation magnetization value of CoNi-CuO is possibly due to the presence of dielectric CuO coated onto the surface of CoNi microspheres, which led to the reduction of corresponding data. Moreover, the defects in hetero-structured surface might partly play a role in decreasing the saturation magnetization. However, it should be pointed out that as-fabricated CoNi-CuO composite possesses relatively higher coercivity. It is thus proposed that the resultant CoNi-CuO composites may possess enhanced microwave absorption properties, because of a higher magnetocrystalline anisotropy energy induced by larger coercivity value.
31,32
Electromagnetic wave absorption properties
The electromagnetic properties of the CoNi/CuO-1, CoNi/CuO-2 and CoNi/CuO-3 samples were characterized in the frequency range from 2 to 18 GHz in this study. The frequency dependence complex permittivity and permeability for three composites are View Article Online shown in Fig. 7 . It was well known that permeability (m 0 ) was associated with energy dissipation and permittivity (3 0 ) was vitally correlated with the amount of polarization happening in the material, while the imaginary permittivity (3 00 ) and imaginary permeability (m 00 ) were connected with the energy dissipation and magnetic loss, respectively. 33 It is worthily noting that the all samples 3 0 values were higher than permeability values including real and imaginary part. According to classical electromagnetic theory, "perfect" impedance matching required that the relation between 3 0 and permeability tends to be close, which could achieve zero-reection at the surface of the materials. 34 Therefore, the impedance match was not reaching the best point for microwave absorption, resulting from higher permittivity of the absorber, which would be unfavorable for the impedance match. From Fig. 1a, the 3 0 of all compositions has a decreasing tendency from 2 to 13 GHz, while the CoNi/CuO-2 and CoNi/CuO-3 show uctuation from 13 to 16 GHz. In detail, the 3 0 of CoNi/CuO-2 decreased from 8.7 to 5.8, for CoNi/CuO-1
and CoNi/CuO-3, the permittivity decreased from 7.4 to 6.3 and 10.4 to 8.0, respectively. This might be due to the lag of the induced charges to follow the reversing external eld and then caused a reduction in the electronic oscillations. 35 The values of the real permittivity highly result from space charge polarization, which because of the heterogeneity of the material. More space charge and multi-interface accumulated at the interface due to presence of dielectric CuO coating on the surface of CoNi microspheres, the formation of more space charge and multiinterface might possibly contribute to higher microwave absorption in the composites. It could obtain the similar regular pattern that the 3 00 of all samples increased from 2-13
GHz with the increase of the CuO loading from Fig. 7b , while multi-peaks existed from 13-18 GHz on the 3 00 curve. The larger 3 00 value was induced by higher electron conductivity according to free electron theory. 36 However, the accurate explanation of the special nonlinear resonant characteristics of these multipeaks was still underway.
37
For CoNi/CuO-2, the resonant frequencies of 3 00 in current band range were at 3.6, 9.8 and 15.4 GHz, respectively. According to those previous reports, 38-40 the dielectric resonances at 3.6 GHz should be related with CoNi particles. However, the hetero-junction capacitance generated at the interface of CuO nanoakes and CoNi alloy microspheres could induce the other two resonant peaks (9.8 and 15.4 GHz), which were similar to previous reports by Shi, 38 Liu 39 and Lv.
40
The relative complex permeability images are shown in Fig. 1c and d, the m 0 and m 00 curves show uctuation between 0.90 and 1.20, À0.1 and 0.25 from 2 to 18 GHz, respectively. This phenomenon corresponded with previous publications that might be due to the existence of Co. 41 Obviously, the values of CoNi/CuO-2 were the highest among the three samples, meaning the CoNi/CuO-2 possessed the highest magnetic loss. According to the complex permittivity and permeability, it could be concluded that the enhanced microwave absorption properties was possibly associated with high dielectric loss and magnetic loss.
In general, natural resonance, hysteresis loss and the effect of eddy currents were the main reasons for magnetic loss in the microwave frequency range under a weak electromagnetic eld. 42 However, the hysteresis loss in the weak eld was negligible. The eddy current loss could be calculated by the following equation:
where m 0 means the permeability of vacuum, d represents the thickness, and s represents the electrical conductivity of the composite. If the eddy current effect dominates magnetic loss mechanisms, the values of C 0 ¼ m 00 (m 0 ) À2 f À1 should be constant when the frequency changes. From Fig. 8 , the C 0 values of all samples drastically decrease at the lower frequency range of 2-5 GHz and it is mainly caused by the natural resonance. 44 Natural resonance could be calculated by the following equation: where g means the gyromagnetic ratio, H a represents the anisotropy energy, and |K| represents the anisotropy coefficient. Commonly, the resonance frequency depends on the anisotropy eld, which is closely related to the coercivity value of the materials. 46 Anisotropy would increase to optimal state with increasing CuO content, which would be greatly helpful to improve electromagnetic waves absorption properties. From 5-18 GHz, the values of C 0 ¼ m 00 (m 0 ) À2 f À1 are nearly constant and this is called the skin-effect criterion, 47 suggesting that the eddy current loss mainly affected the dissipation of microwave energy.
The dielectric loss and magnetic loss were two key factors to electromagnetic waves absorption. 15, 42 In order to explore which one contributes largely in microwave absorption, the magnetic loss tangent (tan dm ¼ m 00 /m 0 ) and dielectric loss tangent (tan de ¼ 3 00 /3 0 ) were calculated and the results are shown in Fig. 9 .
Obviously, an increased tendency of dielectric and a decreasing tendency of magnetic loss were observed as the frequency increasing, respectively. Moreover, signicant dielectric loss at the high-frequency range and strong magnetic loss at the lowfrequency range illustrated that the three samples possessed EMW absorption properties due to complementarities between them. 28, 37 In addition, the values of dielectric loss tangent were higher than magnetic loss tangent; it showed that dielectric loss had played a key role in the microwave absorption properties. In general, the space-charge polarization and the interfacial polarization were two mainly reasons for dielectric loss of the EMW energy at microwavefrequencies. 48 For these particular 'core-shell-like' microstructured samples, the formation of more space charge and multi-interface at the interface due to presence of dielectric CuO coated on the surface of CoNi microspheres.
10,36 Therefore, the dielectric loss happened owing to a large amount of space charge polarization. Besides, the well dispersion of CuO in the CoNi alloy could introduce more additional interfaces and consequently interfacial polarization, leading to the increase of the interfacial polarization and dielectric loss. 49 Except the above reasons, CuO nanoakes of the composites played the isotropic quasi-antennas role in favoring the penetration of microwave waves, which could generate continuous micro-networks and thus a large-scale vibrating micro-current would be induced into a dissipative current and consumed in discontinuous networks.
12,29
Furthermore, from Fig. 9b , the dielectric loss values of CoNi/ CuO-2 is highest among three samples, clearly indicating that it has excellent capability of microwave absorption in contrast to other two samples with varied CuO loadings. Now, it can be assured that the composite was an electromagnetic wave absorber of dielectric loss type. We had already discussed the dielectric loss of this type of material on the basis of the space charge polarization and interfacial polarization. However, considering the dipole polarization, that happens among adjacent metal interface of nanoparticles, it might lead to the increase of the dielectric loss.
50 Therefore, the Debye theory was used to better understand the mechanisms of dielectric loss of the electromagnetic absorber by the following equation:
where 3 N represents the relative dielectric permittivity at highfrequency limit, 3 s means the static permittivity, u is frequency, s is relaxation time; respectively. According to the above eqn (6), 3 0 and 3 00 could be deduced as given below:
According to eqn (7) and (8), the relationship between 3 0 and 3 00 could be expressed as:
Based on eqn (9), we can see that a plot of 3 0 to 3 00 should be a single semicircle, which denotes a Debye relaxation process called a Cole-Cole plot. 52 From Fig. 10 , the relaxation process existed in three samples, which was supported by the semicircles presented in all samples, whereas the number of semicircles was remarkably different. A large semicircle and eight small semicircles were found in CoNi/CuO-2( Fig. 10) , indicating that there were nine dielectric relaxation processes in this hetero-structured composite. As is known, this kind of composite was constituted by CoNi alloy and CuO, even though CoNi alloyed nanoparticles possess high electrical conductivity and another phase was of semiconductor material. When the electromagnetic wave reached the interfacial of the CoNi alloy particles and CuO, dielectric loss relaxation would happen, because of the signicant skin effect induced by the enormous difference conductivity between the two compositions of heterostructured composite. Within this context, the interfacial polarization would be the main reason for dielectric loss. At the same time, space charge polarization and a large amount of dipole polarization could devote to the dielectric loss. Furthermore, the number of semicircles also meant the capability of electromagnetic wave absorption properties; there are three semicircles for CoNi/CuO-1 and six semicircles for CoNi/CuO-3, respectively, it revealed that both samples possessed relatively lower electromagnetic wave absorption properties than that of CoNi/CuO-2. That is, the CoNi/CuO-2 has the highest electromagnetic wave absorption properties, which can be mainly associated with its optimized component and hetero-structures.
As is reported, microwave attenuation is an important factor to determine the microwave absorption abilities of materials in the interior of microwave absorber, which could be described by the attenuation constant (a), as dened by the following equation:
where c is the velocity of electromagnetic waves in free space and f represents the frequency of the electromagnetic waves. The frequency dependence of a for the three samples is displayed in Fig. 11a . Obviously, CoNi/CuO-2 has the highest attenuation constant among three compositions, indicating it possessed the strongest attenuation abilities. Therefore, CoNi/CuO-2 exhibited the strongest electromagnetic wave absorption properties, which is also conrmed by the impedance matching. It was generally believed that perfect impedance matching could be achieved when the value was 1. From  Fig. 11b , the value of CoNi/CuO-2 reached nearly 0.92 at frequency of 13.2 GHz, this showed that it has the best impedance match on this point. To further investigate the electromagnetic wave absorption performance of the as-synthesized CoNi-CuO composites, the reection loss (RL) values are calculated from the relative complex permittivity (3 r ) and permeability (m r ) at a given frequency (2-18 GHz) and different absorber thickness, by means of the following equations:
where Z in is the input characteristic impedance, Z 0 is the impedance of free space, c is the velocity of light, f is the frequency and d is the thickness of the composites. Fig. 12 shows the reection loss (RL) of the CoNi-CuO composites prepared with thickness varying from 1 to 5 mm in the frequency range of 2-18 GHz. It can be found that, once again, the CoNi/CuO-2 composite possessed the best microwave absorption performance among the three samples. As shown in Fig. 12b , the minimal reection loss is À25.1 dB at 13.2 GHz, and the effective absorption (below À10 dB) bandwidth is 3.4 GHz (10.0-13.4 GHz) with a thickness of 2.5 mm. In comparison, the minimum RL of CoNi/CuO-1 is À19.0 dB at 16.3 GHz at an absorber thickness of 2.5 mm, while the minimum RL of CoNi/CuO-3 is À18.1 dB at 17.9 GHz at an absorber thickness of 2.5 mm (see Fig. 12a and c). For comparison, Table 1 exhibits the microwave absorption properties of typical Ni-based composites and some reported core-shell samples in recent literatures. [53] [54] [55] [56] [57] [58] It can be seen that CoNi-CuO composites possess stronger EM absorption capability and a thinner absorber thickness and broader absorption bandwidth. It means that this kind of newly fabricated CoNiCuO composites can be regarded as promising candidates for high-performance microwave absorption materials.
On the basis of the above mentioned analysis, the massive EMW of CoNi-CuO could be understood from several proposed mechanisms, which is shown in Scheme 2. The electromagnetic wave absorption properties originated from the excellent loss of CoNi-CuO and partially from the polarization of two components. A potential mechanism could be explained as follows: as electromagnetic waves striked the surface of CoNi, some EM waves were immediately reected because of large amount free electrons on the surface of the highly conductive CoNi alloy.
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Subsequently, the remaining waves were dissipated in the form of heat resulting from its interaction with the high electron density of CoNi, by which could induce currents that contribute to ohmic losses. Simultaneously, the local dipoles on CuO may be created when it was subjected to an alternating electromagnetic eld, considering the fact that oxygen, being highly electronegative, can induce this kind of dipole polarization. As a result, the surface of semiconductor CuO covered large amount of electronic, favorably enhanced the interfacial polarization, then constituted with CoNi alloy to be capacitorlike structure. At last, the electromagnetic waves could also be reected back and forth between the two surfaces until completely being absorbed in the hetero-structure. However, the Debye relaxation process cannot be ignored in the process, it would have played an important part in EMW absorption, considering it can surely enhance the attenuation of electromagnetic waves.
Conclusions
In summary, a novel kind of microwave absorbing material, namely CoNi-CuO hetero-structures, has been successfully prepared via a facile solvothermal method. The CoNi alloy microspheres were well coated by CuO crystalline phases. It was demonstrated that the introduced semiconductor CuO coatings played crucial role toward the enhancement of the absorbing material. In contrast to other two samples, the one of CoNi/ CuO-2 possessed excellent electromagnetic wave absorption properties, for which both effective absorption bandwidth (RL < À10 dB) of 10.0-13.4 GHz and a minimum RL values of À25.1 dB at 13.2 GHz with a matching thickness of 2.5 mm were gained. As compared to previous works, this work provides an effective method to improve the electromagnetic properties of alloy and might shed new light on the design of highperformance microwave absorption composites.
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